AKI associates with increased long-term risk of mortality, but the prognostic significance of AKI in terms of long-term cardiovascular disease remains unconfirmed. We conducted a systematic review and metaanalysis to assess whether AKI associates with long-term cardiovascular disease. We included cohort studies that examined adults with and without AKI and reported a multivariable-adjusted relative risk (RR) for the association between AKI and cardiovascular mortality, major cardiovascular events, and diseasespecific events: congestive heart failure, acute myocardial infarction, and stroke. Twenty-five studies involving 254,408 adults (55,150 with AKI) were included. AKI associated with an 86% and a 38% increased risk of cardiovascular mortality and major cardiovascular events, respectively ([RR 1.86; 95% confidence interval (95% CI), 1.72 to 2.01] and [RR 1.38; 95% CI, 1.23 to 1.55], respectively). For disease-specific events, AKI associated with a 58% increased risk of heart failure (RR 1.58; 95% CI, 1.46 to 1.72) and a 40% increased risk of acute myocardial infarction (RR 1.40; 95% CI, 1.23 to 1.59). The elevated risk of heart failure and acute myocardial infarction persisted in subgroup analyses on the basis of AKI severity and the proportion of adults with baseline ischemic heart disease. Finally, AKI was associated with a 15% increased risk of stroke (RR 1.15; 95% CI, 1.03 to 1.28). In conclusion, AKI associates with an elevated risk of cardiovascular mortality and major cardiovascular events, particularly heart failure and acute myocardial infarction. AKI affects patients across multiple clinical settings and is a leading cause of morbidity and mortality. [1] [2] [3] [4] [5] [6] [7] AKI is also associated with increased hospital length of stay and excess healthcare spending. 1 Despite the established clinical importance of AKI, it is undiagnosed in up to 25% of cases in developed countries 8 and up to 75% of cases in developing countries. 9 Accordingly, guideline committees and public health authorities 10,11 have called for more research into the long-term prognostic implications of AKI as a key element of efforts to improve the diagnosis and management of AKI.
AKI affects patients across multiple clinical settings and is a leading cause of morbidity and mortality. [1] [2] [3] [4] [5] [6] [7] AKI is also associated with increased hospital length of stay and excess healthcare spending. 1 Despite the established clinical importance of AKI, it is undiagnosed in up to 25% of cases in developed countries 8 and up to 75% of cases in developing countries. 9 Accordingly, guideline committees and public health authorities 10, 11 have called for more research into the long-term prognostic implications of AKI as a key element of efforts to improve the diagnosis and management of AKI.
While the long-term risk of mortality, CKD, and ESRD in adults with AKI are well established, it remains less clear whether AKI confers an additional long-term risk of cardiovascular disease. Existing studies have provided conflicting results [12] [13] [14] and prior systematic reviews have pooled unadjusted and adjusted relative risk estimates 15 ; combined estimates for hard endpoints -congestive heart failure (CHF), acute myocardial infarction, and stroke -and soft (revascularization) endpoints 15 ; employed inadequate search strategies for cardiovascular outcomes 3 ; or failed to identify more than two multivariable adjusted studies for acute myocardial infarction or stroke. 3 Furthermore, individual studies have been limited to specific patient populationscontrast induced AKI or peri-operative AKI -and it is unclear whether the prognostic importance of AKI varies by clinical factors such as baseline cardiovascular disease. A more comprehensive analysis is therefore needed.
Accordingly, we conducted a systematic review and metaanalysis to determine the long-term risk of cardiovascular mortality and cardiovascular disease associated with AKI. We also examined whether the risk conferred by AKI varied based on the severity of AKI, the recovery of renal function, the clinical setting, and the presence of baseline cardiovascular disease or baseline CKD.
RESULTS
In total, 1192 studies were reviewed and 1034 were excluded in the abstract screen largely because they did not report an association between AKI and an outcome of interest (Supplemental Figure 1 ). Among 158 full text articles that were reviewed, 133 were further excluded. Accordingly, 25 studies involving 254,408 adults were included in this meta-analysis. Of these individuals, 55,150 adults had AKI (Table 1) . With respect to the risk of bias assessment, most studies examined a highly selected group of participants that were not representative of the general population. Accordingly, only one study obtained a full rating (four stars) for cohort selection. Fifteen studies received a full rating for comparability based on their multivariable adjustment and all studies received a full rating for outcome evaluation.
Cardiovascular Mortality and Major Cardiovascular Events
Six studies, 13, 14, [16] [17] [18] [19] Figure 1 , Supplemental Figure 2] ) and the relative risk did not vary by setting or proportion of adults with baseline CHF or CKD (Supplemental Table 2 ). There were insufficient studies to examine whether the risk varied by the remaining subgroups of interest.
Six studies, 13, [20] [21] [22] [23] [24] involving 40,489 participants (11,824 with AKI) examined major cardiovascular events as an outcome. The median follow-up was 1.4 years (IQI, 1.2-1.9). The pooled relative risk was 1.38 (95% CI, 1.23 to 1.55; I 2 : 47%) ( Figure 1, Supplemental Figure 3 ) and it did not vary by the proportion of adults with baseline CHF, ischemic heart disease (IHD), or stroke (Supplemental Table 3 ). There were insufficient studies to examine whether the risk varied by the remaining subgroups of interest: AKI severity, recovery of renal function, and clinical setting.
CHF
Ten studies, [12] [13] [14] [25] [26] [27] [28] [29] [30] [31] involving 90,251 participants (13,431 with AKI), examined CHF as an outcome. The median followup was 2.9 years (IQI, 1.7-3.8). The pooled relative risk of CHF was 1.58 (95% CI, 1.46 to 1.72) (Figure 1, Supplemental  Figure 4 ). Heterogeneity was minimal (I 2 : 10%). There was also an increase in the relative risk of long-term CHF with increasing severity of AKI (P=0.01 for interaction) ( Table 2) . In an exploratory analysis that was limited to studies that additionally adjusted for baseline left ventricular ejection fraction, the differential risk for CHF based on AKI severity was maintained (Table 2) . Furthermore, the relative risk of CHF was modestly lower in studies in which the majority of adults did not have baseline IHD (1.43; 95% CI, 1.27 to 1.61) compared with studies where a large proportion of adults had baseline IHD (1.71; 95% CI, 1.56 to 1.87; P=0.02) ( Table 2 ). There were no differences based on the clinical setting, the recovery of renal function or the proportion of adults with baseline CHF, stroke, or CKD (Table 2 ).
Acute Myocardial Infarction
Ten studies, 13, 14, 18, 25, 28, 30, [32] [33] [34] [35] involving 90,498 participants (12,091 with AKI), examined acute myocardial infarction as an outcome. The median follow-up was 2.3 years (IQI, 1.7-2.9). The pooled relative risk of acute myocardial infarction was 1.40 (95% CI, 1.23 to 1.59) (Figure 1 , Supplemental Figure 5 ). Heterogeneity was moderate (I 2 : 43%). The relative risk of long-term acute myocardial infarction did not vary by clinical setting (Table 3) . Furthermore, there were no differences in the risk of long-term acute myocardial infarction based on AKI recovery nor based on the severity of AKI (P=0.12 and 0.64, respectively) ( Table 3) . Notably, there was no difference in the relative risk of acute myocardial infarction in subgroup analyses based on the proportion of adults with baseline cardiovascular disease or CKD (Table 3) .
Stroke
Five studies, 13, 25, 28, 36, 37 involving 72,347 participants (13, 475 with AKI), examined stroke as an outcome. The median followup was 2.7 years (IQI, 2.0-3.4). The pooled relative risk was 1.15 (95% CI, 1.03 to 1.28; I 2 : 0%) ( Figure 1 , Supplemental Figure 6 ). The relative risk of stroke did not vary between subgroups (Supplemental Table 4 ).
Sensitivity Analyses and Assessment of Heterogeneity
There were minimal differences in the relative risk of long-term cardiovascular disease based on whether studies initiated follow-up after discharge from hospital and thereby excluded inpatient events or based on the duration of follow-up (data not shown). Heterogeneity was limited for all analyses and (106) 869 (100) 364 (42) 80 ( (229) 3595 (100) 884 (25) 321 ( (294) 368 (19) 1957 ( 2253 (15) 10617 (72) 1096 (7) 3543 ( 2915 (6) 2727 (6) 3731 ( 1117 (4) 27929 (100) 1396 (5) 5586 ( 275 (10) 281 (10) 2698 (95) 164 ( 151 (14) 1059 (100) 90 (8) 1059 ( 
DISCUSSION
This study is a comprehensive summary of the long-term risk of cardiovascular mortality and cardiovascular disease in adults with AKI. There were three major findings. First, we found that AKI was associated with an 86% increased risk of cardiovascular mortality and a 38% increased risk of major cardiovascular events. Second, AKI was associated with a 58% increased risk of CHF and a 40% increased risk of acute myocardial infarction, and the association between AKI and these outcomes persisted robustly in subgroup analyses. Third, AKI was associated with a 15% increased risk of stroke. Our study is the first comprehensive summary of the longterm risk of cardiovascular mortality and cardiovascular disease in adults with AKI. We noted that AKI was associated with cardiovascular mortality and major cardiovascular events and we also found robust associations for individual disease specific events.
In particular, we found that AKI was associated with a 58% increased risk of CHF. Furthermore, there was an association between the severity of AKI and the risk of CHF and this association persisted in studies that additionally adjusted for left ventricular ejection fraction. Although the risk of CHF was marginally lower in studies with a low proportion of adults with baseline IHD, the relative risks in both subgroups were well above the line of no effect, the threshold for which there may be no difference in the risk of CHF between adults with and without AKI. It is therefore unlikely that the association between AKI and CHF is due to residual confounding. Furthermore, we found that AKI was associated with a 40% increase in the relative risk of acute myocardial infarction. Although the risk of acute myocardial infarction did not increase with AKI severity, it is noteworthy that we combined the moderate and severe AKI categories, which may account for the absence of an association. Finally, the risk of acute myocardial infarction did not vary by the proportion of adults with baseline IHD.
To date, individual studies have focused on specific subgroups of patients (e.g., with established cardiovascular disease), 13, 28 and it remained unclear whether their findings were generalizable to populations without cardiovascular disease. Our assessment of the consistency of relative risk estimates based on the proportion of adults with baseline cardiovascular disease adds credence to the prognostic importance of AKI in populations with varying levels of cardiovascular risk. AKI may therefore be an important prognostic marker in patients with varying baseline cardiovascular risk.
Finally, with respect to stroke, we found that AKI was associated with a 15% relative risk increase. However, given the small effect size and the proximity of the lower confidence interval to the line of no effect, the relationship between AKI and stroke may also be due to residual confounding.
Taken together, the association between AKI, CHF, and acute myocardial infarction should receive greater attention from clinicians, particularly as small changes in clinical practice can improve outcomes for adults with AKI. For instance, in a retrospective cohort study, investigators demonstrated that AKI was unrecognized in 24% of patients admitted to hospital in a 1 month period. 8 The authors also identified important gaps in the management of these patients, including failure to withhold nephrotoxic drugs in 39% of patients. 8 With greater awareness and optimal care, the progression of AKI from mild to severe may be preventable, which could reduce long-term cardiovascular morbidity.
Our findings also highlight the need of longitudinal followup for adults with AKI. Prior studies have demonstrated decreased mortality in AKI survivors receiving nephrologist follow-up. 38 However, it remains unclear what form of clinical care should be provided to these individuals, beyond the management of renal functional loss. 38 Our findings highlight the need for screening and management of CHF and acute myocardial infarction in adults with AKI.
The following limitations should be considered when interpreting the findings of our study. First, we lacked individual patient data, which prevented us from using a common definition of AKI and from ensuring similar variables were adjusted for in regression models. This is particularly important as the definition of AKI varied between studies and there were insufficient studies to compare the risk estimates based on AKI definition. Thus, the data we report includes pooled populations of patients defined using the Acute Kidney Injury Network (AKIN), RIFLE, Kidney Disease Improving Global Outcomes (KDIGO), and other grading systems and this should be considered when interpreting the findings of our Figure 1 . Association between AKI and cardiovascular mortality and cardiovascular events. Horizontal lines indicate 95% CI. Number of events is missing for MACE because it is not reported in all studies. The solid vertical line represents the line of no effect (RR = 1.0), wherein there is no difference in the risk of the outcome of interest between adults with and without AKI. AMI, acute myocardial infarction; CVD, cardiovascular disease; MACE, major adverse cardiovascular events. AKI and Cardiovascular Disease study. Second, the majority of studies included in our analysis did not achieve the full rating for selection in our risk of bias assessment because they examined highly selected populations. Third, due to the small number of studies providing stratified data for our meta-analysis, our assessment of the association between the severity of AKI and cardiovascular outcomes was based on comparisons between mild AKI and the combination of moderate-to-severe AKI, as opposed to the familiar three AKI severity grades defined in the consensus criteria. This may account for the absence of any difference in the risk of cardiovascular disease based on the severity of AKI. Finally, our study can only demonstrate an association between AKI and cardiovascular disease and these associations cannot be deemed as causal in nature. Specifically, it could be that patients who develop AKI have conditions that put them at increased risk for cardiovascular events, rather than being at higher risk because of AKI itself.
Taken together, AKI is associated with an increased relative risk of long-term cardiovascular mortality, major cardiovascular events, and particularly CHF and IHD. In contrast, the association with stroke may be due to residual confounding. Further research is required into interventions to improve long-term outcomes for adults with AKI.
CONCISE METHODS
This study was conducted in accordance with the Meta-Analysis of Observational Studies in Epidemiology guidelines and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines. 39, 40 
Data Sources and Searches
We conducted a systematic search of MEDLINE and EMBASE (inception to March 2015). A qualified research librarian developed the search strategy and included but was not limited to search terms such as "acute kidney injury," "acute renal failure," "contrast induced nephropathy," "congestive heart failure," "myocardial infarction," and "stroke". This was supplemented by a review of past metaanalyses, [3] [4] [5] 7, 15 a detailed review of references of included studies, and citation tracking with Google Scholar.
Cohort studies that examined adults with and without AKI and reported a measure of relative risk for the association between AKI and cardiovascular disease (see below) were included. Studies were also required to include a minimum of 50 participants with AKI and 50 participants without AKIwith at least 6 months mean/median follow-up. Only studies reporting multivariable adjusted estimates were included and at a minimum, studies were required to adjust for age and sex. Unadjusted studies or studies that did not list variables included in their regression model were excluded. No language restrictions were applied.
Data Extraction and Quality Assessment
Two reviewers independently reviewed titles and abstracts to assess studies for their inclusion. Four reviewers independently abstracted data using standardized forms. Where available, we abstracted information on general study characteristics (study name or investigator's name; recruitment date [mid-point of the recruitment period]; mean followup duration; year of publication of the primary findings) and summary information about the studied population that was clinically relevant to the outcomes specified for our study (definition of AKI; number of participants with and without AKI; mean age; number of men; number of adults with baseline CHF, IHD, and stroke). We also extracted information on the following outcomes: cardiovascular mortality, major cardiovascular events (a composite of cardiovascular death, stroke, acute myocardial infarction, and CHF), and disease specific events (CHF, acute myocardial infarction, and stroke).
Relative risk estimates and associated 95% CI for the association between AKI and the aforementioned study outcomes were abstracted. The list of variables included in the multivariable regression model was also abstracted.
A risk of bias assessment was performed using the NewcastleOttawa Scale, which assesses studies on three broad domains: the selection of participants for study groups; the comparability of study groups; and the ascertainment of the outcome. A star rating system is used to identify studies that are at low risk of bias and the maximum numbers of stars achievable are: selection -4 stars; comparability -2 stars; and outcome (cohort studies only) -3 stars. We applied strict criteria to assess comparability (of individuals with or without AKI) based on which variables were included in the multivariable models. To receive one star for comparability, studies were required to have adjusted for age, sex, and at least one cardiovascular risk factor (hypertension, diabetes, smoking, cholesterol, and CKD) and a baseline history of cardiovascular disease (stroke or IHD) if applicable. To receive two stars, studies were additionally required to have adjusted for baseline serum creatinine, eGFR, or history of CKD.
Subgroup Analyses, Sensitivity Analyses
We performed four subgroup analyses in which included studies were grouped by the severity of AKI (mild versus moderate-to-severe), the recovery of renal function (complete versus partial or no renal recovery), clinical setting, and baseline cardiovascular disease and CKD. Subgroup analyses were only performed when at least two studies could be obtained for each stratum.
For the analysis of severity, mild AKI was defined as AKIN 1 according to the AKIN classification, 41 or "Risk" according to the RIFLE classification, 42 or Stage 1 according to the KDIGO classification. Moderate to severe AKI was defined as either AKIN 2 or 3, RIFLE "Injury" or "Failure," KDIGO Stage 2 or 3, or AKI requiring dialysis. 43 For the analysis of recovery, complete recovery was defined as a return of renal function to below the study-defined threshold for AKI and partial or no recovery was defined as the absence of this level of improvement in kidney function. Finally, with respect to setting, we specifically examined contrast-induced AKI and AKI in the perioperative or ICU setting. For the subgroup analysis by baseline cardiovascular disease, we calculated the proportion of adults with a past history of CHF, IHD, stroke, and CKD at cohort entry and separated studies into halves based on this proportion. For studies which were limited to adults with acute myocardial infarction or adults receiving percutaneous coronary interventions or coronary artery bypass grafting, all study participants were identified as having baseline IHD. We compared the prognostic importance of AKI in the two groups.
Finally, we performed two sensitivity analyses for the overall pooled estimates for each outcome. First, studies were grouped based on whether follow-up for cardiovascular events commenced immediately after entry into the cohort or after a period of time (e.g., after hospital discharge). Second, studies were divided into halves based on average length of follow-up.
Data Synthesis, Analysis, and Planned Assessment of Heterogeneity
Overall summary estimates for each of the aforementioned outcomes were computed using a random effects meta-analysis. Where studies reported multiple relative risk estimates for specific subgroups without reporting an overall summary estimate, the subgroup estimates were pooled using fixed effects meta-analysis to ensure a single relative risk was obtained for each study prior to the overall analysis. Heterogeneity was assessed using the I 2 statistic. Results are presented graphically using forest plots. In accordance with Cochrane collaboration guidelines, when at least ten studies were included in meta-analysis we performed assessment for publication bias by visual inspection of funnel plots, supported by Egger tests. 44 Where an asymmetric funnel plot was identified, the Copas selection model was used to account for small study effect bias. 45 When high heterogeneity was observed (I 2 .60%), we planned to assess whether heterogeneity was reduced by subgroup analyses and in sensitivity analyses. If heterogeneity was not reduced to acceptable levels (I 2 ,60%), we additionally assessed if age accounted for heterogeneity by performing meta-regression based on the average age (categorical variable divided into halves). All analyses were performed using R Statistical Software (Version 3.0).
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